The environmental effects of ischemia on chromatin nanostructure were evaluated using single molecule localisation microscopy (SMLM) of DNA binding dyes. Short-term oxygen and nutrient deprivation (OND) of the cardiomyocyte cell-line HL-1induces a previously undescribed chromatin architecture, consisting of large, chromatin sparse voids interspersed between DNA-dense hollow helicoid structures of the order of 40 to 700 nm in dimension. OND induced chromatin compaction is reversible, and upon restitution of normoxia and nutrients, chromatin transiently adopts a significantly more open structure than in untreated cells. We show that this compacted state of chromatin reduces transcription, while the open chromatin structure following recovery has a higher transcriptional rate than in untreated cells. Digestion of chromatin with DNAseI and DNA binding dye loading assays confirm that OND induces compaction of chromatin and a general redistribution of chromatin to the nuclear periphery. Mechanistically, chromatin compaction is associated with a depletion of intracellular ATP and a redistribution of the cellular polyamine pool into the nucleus. Additionally, Fluorescence Recovery After Photobleaching (FRAP) shows that core histones are not displaced from compacted chromatin and that the mobility of linker histone H1 is considerably reduced by OND treatment, to an extent that far exceeds the difference in histone H1 mobility between heterochromatin and euchromatin. These studies exemplify the dynamic capacity of chromatin architecture to physically respond to environmental conditions, directly link cellular energy status to chromatin compaction and provide insight into the effect ischemia has on the nuclear architecture of cells.
and extends the findings made by single molecule localization studies. Mechanistically, chromatin compaction is associated with depletion of the intracellular pool of ATP, which results in the relocation of a substantial proportion of the cellular polyamine pool from the cytoplasm to the nucleus.
Results
Oxygen and nutrient deprivation of HL-1 cells induces chromatin compaction. We firstly assessed the response of chromatin to experimental conditions that mimic ischemia-reperfusion, through employing two-colour SMLM to characterise the response and recovery of nuclear architecture to transient OND in HL-1 cells, as evaluated by staining of DNA with DNA binding dyes and by immunodetection of H3K14ac, a histone mark associated with transcriptionally permissive chromatin. H3K14ac occurs in a punctate distribution throughout the nucleus, with individual foci predominantly located at the edge of chromatin domains. This is in keeping with the topography found for the transcriptionally permissive H3K4me3 modification, in a range of mammalian cell types [25, 26] . The level of resolution and precision of localization obtained with our dual-colour SMLM technique cannot be attained by conventional microscopy (figure 1c). SMLM imaging of the nuclei of HL-1 cells exposed to one hour of OND demonstrates that an ischemic environment provokes a dramatic change in nuclear architecture, with condensed chromatin present at the sub-nuclear envelope, often as a closely spaced double arrangement of densely stained DNA, or as hollow intranuclear atolls ( figure 1d and inset e). Moreover, the interchromosomal space consists of large, DNA sparse voids, with little of the diffuse DNA staining that is seen in untreated cells. A decrease in staining for H3K14ac occurs upon OND, with SMLM imaging again demonstrating that the remaining H3K14ac occurs largely at the edge of chromatin domains. In order to experimentally evaluate the effects of reperfusion following a transient ischemic period, we next evaluated the response of OND induced chromatin compaction to the restitution of normoxia and nutrients. SMLM of representative HL-1 cells either untreated, subject to one hour of OND or upon subsequent recovery from OND is shown in figure 1g. Following OND induced chromatin compaction, nuclear architecture relaxes and at 4 hours post-OND acquires a more open conformation than in untreated cells. To quantitatively evaluate this, we applied a discriminatory threshold to the experimental set of SMLM imaged cells, to delimit chromatin sparse nuclear regions. The distribution of nuclear areas that are chromatin-sparse is reported in figure 1h , with representative thresholded images shown above. OND induces an approximately two-fold increase in chromatin-free nuclear area. Sixty minutes of recovery from OND is sufficient for the majority of cells to restore chromatin architecture; however, a significant proportion of cells adopt a more open chromatin structure at 240 minutes. HL-1 cells recover fully from transient OND and continue to proliferate as well as untreated cells.
Alternative staining and SMLM methodologies confirm that OND induces chromatin compaction.
We then confirmed that OND induces extensive compaction of chromatin using an alternative nucleic acid binding dye, YOYO-1 [43] that also blinks under our experimental conditions, as previously reported [40] (figure 2, a-f) and with a click-chemistry approach chemically linking a fluorophore to 5ethynyl-2′-deoxyuridine (EdU) [44] incorporated into DNA during cellular replication (figure 2, g-l).
While both these approaches produce a reduction in the density of signals in comparison to Vybrant DyeCycle Violet, they clearly demonstrate that one hour of OND induces chromatin compaction in HL-1 cardiomyocytes.
A quantitative binning analysis describes the extent of chromatin compaction, the range of sizes of condensed structures and illustrates that chromatin adopts a more open structure on recovery from
OND. SMLM defines the spatial localization of single fluorophores, permitting a quantitative assessment of chromatin condensation induced by OND. We initially evaluated the density of Vybrant DyeCycle Violet molecules detected by SMLM (figure 3a). Untreated cells have a median value of around 6x10 3 dye localizations per µm 2 , which decreases by approximately 30% upon one hour of OND, and then recovers upon release from ischemia-mimetic conditions. Significantly, chromatin associates with approximately 30% more Vybrant DyeCycle Violet four hours after release from OND compared to untreated cells, again suggesting that chromatin adopts, at least transiently, a more open configuration upon recovery from ischemic conditions. We then used a binning approach to quantify the sub-nuclear distribution of chromatin, through counting individual SMLM locations of individual Vybrant Violet labelled DNA sites within a grid of squares (bins) overlaid upon the image of the nucleus (figure 3b). Reflecting the development of extensive regions within the nucleus that become chromatin sparse upon OND, the number of molecules present per bin becomes reduced in experimental ischemia, and this recovers upon restoration of normoxia and nutrients (figure 3c). A bin size of 60 x 60 nm was chosen to illustrate that this technique resolves structures at the tens of nm scale, with bins containing either 0 or 1 localization excluded from the presented results. Reflecting the increase in DNA dye binding seen four hours post OND, there is a corresponding increase at four hours in the proportion of bins containing a large number of localizations (figure 3c), indicating that recovery from OND induces chromatin to adopt, at least transiently, a more open conformation. In order to describe the spatial extent of changes of chromatin density induced by OND, we evaluated a range of bin sizes of between 10 to 500 nm for untreated and OND cells. We then evaluated the skewness, a measure of asymmetry around the mean, of the distributions throughout the experimental time-course (figure 3d) and found that the distribution of chromatin density become more skewed in the direction of high DNA density classes than in untreated cells (median skewness of ~3.2 and ~2.2 respectively). Notably, as the skewness parameter is positive in all experimental conditions, including untreated cells, it can be inferred that the majority of chromatin is located within a highly condensed state rather than in a diffuse conformation. Similar results were obtained for EdU-Alexa488 labelled chromatin (Supplementary Figure S11 ).
Nearest neighbour analysis confirms and describes the extent of chromatin compaction.
We further characterised chromatin condensation induced by OND, through determining the average distance of single molecule localizations to variable numbers of nearest neighbours within computationally tractable representative regions of interest (ROI). An example of selected ROI's is shown in figure 4a.
Three ROI's from three independent nuclei were used to generate datasets for each experimental condition. We firstly evaluated the relationship between the average distance to nearest neighbours and the number of neighbours evaluated. The median distance and range of distribution rises with the number of neighbours used in the analysis (figures 4b and 4d). Reflecting chromatin compaction, the average distance to neighbours increases upon one hour of OND, which becomes resolved upon restoration of normoxia and energy source (figure 4c). These effects become more apparent when further adjacent neighbours are included in the analysis, at least up to 500 nearest neighbours (figure 4d).
OND decreases the susceptibility of chromatin to DNAseI digestion.
We next utilised a biochemical approach to confirm that OND treatment for one hour does indeed provoke compaction of chromatin.
We estimated the access of a large molecular weight probe, DNAseI (30 kDa), to chromatin. DNA in fixed and permeabilised untreated or OND treated cells was preloaded for one hour with DRAQ5, a selective DNA interchelating dye [45] , and then subject to digestion with DNAseI, with cellular fluorescence continuously measured on a confocal platform. Digestion of DNA provokes liberation of DRAQ5, with the rate of decrease in DRAQ5 fluorescence dependent upon on the extent of chromatin compaction. As shown in figure 5 , untreated cells show a triphasic response to DNAseI treatment, with a highly accessible sub-fraction of chromatin, approximately 50% of the total, predominating the kinetics of the first 15 minutes of the timecourse. A more compact, but nevertheless digestible, fraction then defines the following 40 minutes of digestion, with a residual proportion of chromatin, some 10% of the total, predominantly resistant to DNAseI digestion. In contrast, OND cells show a biphasic response, with a compact but digestible fraction dominant for the first 60 minutes of digestion, followed by a fraction of chromatin, around 30% of the total that is relatively resistant to DNAseI digestion. OND cells do not exhibit a rapidly digested fraction of chromatin, as observed in untreated cells. These results confirm and extend our SMLM observations that oxygen and nutrient deprivation induces profound compaction of chromatin, particularly of loosely condensed chromatin.
OND reduces cellular ATP levels, inhibits transcription, redistributes polyamines to the nucleus and
restricts access to histones. We then postulated that chromatin compaction induced by OND is consequent upon ATP depletion. Under normal conditions, divalent cations and polyamines associate with the polyphosphate group of ATP. However, if ATP levels are reduced, these may, by massaction, relocate to the sugar-phosphate backbone of nucleic acid, thereby promote chromatin compaction through effecting charge shielding. OND reduces intracellular ATP levels by 90%, which recovers upon cessation of OND with kinetics similar to that of chromatin relaxation ( figure 6a ). whereas levels observed in the cytoplasm remain similar at 250 per µm 2 . Furthermore, the localization density achieved for total H3 is much lower than for DNA binding dyes, and is insufficient to discern OND induced chromatin compaction.
Fluorescent Recovery After Photobleaching (FRAP) indicates that core histones are not displaced from chromatin upon OND induced compaction, and that OND decreases the mobility of the linker
histone H1. We wished to discriminate between possible explanations underlying the approximately 80% reduction in histone H3 staining upon OND treatment, as determined by SMLM. Potentially, this observation could arise through compaction restricting the accessibility of antibody to chromatin and / or through the direct loss of core histones from chromatin. By inference, histone loss from chromatin would liberate a highly mobile pool of histones, in contrast to their limited mobility when present in chromatin. We therefore used FRAP on live cells to estimate the mobility of Histone H2B labelled with mCherry in untreated HeLa cells and HeLa cells in an ischaemic environment. We selected H2B, which along with H2A, and in contrast to H3 and H4, exhibits significant exchange [46] .
Consequently, FRAP analysis of H2B-mCherry is an appropriate marker for estimating OND induced displacement of core histones. As shown in figure 7a, HeLa cells undergo chromatin compaction when subject to one hour of OND, and significantly, H2B-mCherry retains a structured nuclear distribution, suggestive of chromatin compaction, indicating that a widespread release of core nucleosomes from chromatin does not occur upon OND treatment. FRAP measurements (figure 7b) of the mobility of H2B-mCherry confirm that OND does not increase the mobility of this core histone.
We then evaluated the mobility of the linker Histone H1.1 in HeLa cells, which maintains higher order chromatin structure through binding to extranucleosomal DNA. H1 exchanges continuously, with a residence time of a few minutes, even within heterochromatin [47, 48] . We firstly confirmed these observations in untreated HeLa cells, demonstrating that the mobility of Histone H1.1-GFP is higher in euchromatin as compared to heterochromatin (figure 7c). In agreement with the extensive compaction of chromatin induced by OND treatment for one hour, the mobility of Histone H1.1-GFP is significantly reduced upon treatment (figure 7d), demonstrating that (a) displacement of Histone H1.1 does not occur and that (b) OND induces chromatin compaction to an extent that restricts the exchange of Histone H1.1, and that the extent of this compaction exceeds the extent of the difference between euchromatin and heterochromatin. In conclusion, OND does not induce displacement of core histones but does reduce the mobility of the linker histone H1.1. This suggests that the decrease in density of immunostained H3 in OND results from compaction of a substantial fraction of chromatin to an extent that excludes penetrance by antibodies.
OND induced chromatin compaction can be estimated by cytometry, provokes histone deacetylation
and decreases the internal structure of cells. We further explored OND induced chromatin compaction using cytometric analysis of histone H3, and of post-translationally modified histone H3 variants. We reasoned that antibodies would stain compacted chromatin to a lesser extent than chromatin in untreated cells, thereby facilitating a semi-quantitative evaluation of the extent of OND induced histone chromatin compaction. Furthermore, ischaemia results in a general decrease of histone H3 [49] [50] [51] [52] [53] and H4 [54] [55] [56] acetylation levels. We therefore anticipated that OND should provoke a general reduction in antibody staining against histone marks, due to compaction restricting antibody access and moreover, that this effect should be especially pronounced for acetylated histone marks. In accordance with these considerations, OND induces a considerable reduction in staining of total histone H3, pan acetylated H3, H3K9ac, H3K14ac, H3K27ac, H3K4me3, and to a lesser extent, of figure S4 ) and with anti-H3K14ac (supplementary figure S5); OND induces a profound loss of histone acetylation that recovers several minutes after release from OND. A useful feature of cytometric analysis is the detection of side-scattered blue light, which is proportional to the granularity or internal complexity of the cell. Side-scatter (SSC) is a measurement of mostly refracted and reflected light that occurs at any interface within the cell where there is a change in refractive index [57] . We anticipated that OND induced compaction of chromatin should result in a change in detected SSC, providing an independent methodology reporting the effect of OND upon chromatin.
Importantly in the context of this analysis, OND does not induce a significant change in nuclear volume (supplemental results). As shown in figure 8c, OND induces a reduction in SSC that recovers on restoration of normoxia and nutrients. In keeping with our previous observations, side scatter measurements are significantly higher four-hours post-recovery as compared to untreated cells.
Discussion
Ischemia is a defining event in the prevalent causes of morbidity in humans, including stroke, myocardial infarction and cancer. We show, using single molecule localization of DNA binding dyes, In the presence of multivalent cations, high molecular weight DNA undergoes a dramatic condensation to a compact, usually highly ordered toroidal structure, with experimental evidence showing that DNA condensation occurs when about 90% of its charge is neutralized by counterions [61] . ATP exists in the cell predominantly as a complex with Mg 2+ . Consequently, OND mediated reduction in intracellular ATP concentrations increase intracellular availability of Mg 2+ [62] and may promote chromatin compaction through divalent cation mediated charge shielding of phosphate groups in DNA. Experimentally increasing the osmolarity of culture medium [30] or increasing the exposure of detergent permeabilized cells to divalent cations, but not monovalent cations, provokes chromatin compaction as evaluated by either confocal microscopy or by FLIM-FRET [32] . Similarly, as the ATP-Mg 2+ complex sequesters intracellular polyamines, principally spermine and spermidine [63] , a reduction in ATP levels will result in the intracellular polyamine pool transferring to chromatin, by mass-action, thereby further enhancing condensation [32] and displacement of histones. In keeping with these proposed effects, transient ATP depletion by inhibition of oxidative phosphorylation with azide in SW13 and in HeLa cells induces in increase in the volume of the interchromosomal compartment, as observed by confocal microscopy [58] .
Chromatin primarily consists of DNA wrapped around the core histone complex [64] . Additionally, OND results in a profound loss of active histone marks, particularly acetylation and H3K4 trimethylation. This raises the issue of how the histone code, particularly for active genes, is reinstated during recovery from an ischemic environment and may provide new insight into the phenomenon of ischemic preconditioning, where pretreatment of an organ with short periods of ischemia has a protective effect on subsequent ischemic insult [65] . The degree of chromatin relaxation upon recovery from OND exceeds that of untreated cells, indicating that chromatin may adopt a more transcriptionally permissive configuration as compared to either untreated or OND treated cells. This could arise in consequence of intracellular ATP levels exceeding the divalent and polycation pool of the cell upon recovery from OND, such that chelation of the intracellular polyamine and divalent cation pool by ATP exceeds the amount present under continuous normoxic and nutrient-rich conditions.
There is an intimate connection between chromatin architecture and the functional output of chromatin. Advanced technologies are revolutionizing understanding of chromosome organization, and are progressing understanding of spatial organization on transcription, replication and repair [66] .
Ischaemic conditions provoke an extreme level of chromatin compaction, as witnessed, for example, by the extensive development of chromatin free areas within the nucleus and in the restriction of linker histone H1 activity mobility that far exceeds that within heterochromatin. However, the methodologies we describe, if utilised in conjunction with specific labelled genomic regions, could be developed to probe local DNA configurations. The defining characteristic of the SMLM we have performed is the labelling density that can be achieved using DNA binding dyes. This allows resolution of chromatin nanostructure at a scale appropriate to inform on regulatory events.
The extent and reversibility of chromatin compaction induced by OND suggests that the impact of ischemia could be constrained by targeting biochemical events that are required for chromatin condensation. In this light, pan-inhibition of histone deacetylase (HDAC) activity is efficacious in animal models of cerebral ischemia [67] and specific knockdown of HDAC3 or HDAC6 promotes survival of cortical neurons in an in vitro model of ischemia employing oxygen and glucose deprivation [68] . Increased HDAC activity was reported in a mouse model of cardiac ischemia and inhibition of HDACs by Trichostatin A treatment significantly reduced the infarct size [69] . Moreover, OND induced compaction of chromatin may explain the observed increase of histones in serum that occurs in catastrophic ischemic events. Alternative strategies could be to chelate intracellular divalent cations or limit the production of polyamines, for example through inhibition of ornithine decarboxylase activity. Intriguingly, these is extensive pre-clinical evidence that this strategy is of benefit in restricting the growth of solid tumours [70] and inhibiting ornithine decarboxylase protects Drosophila against hypoxia induced reduction in lifespan [71] . In summary, ischemic conditions induce a rapid compaction of chromatin, which is associated with a general inhibition of transcription [6] . Correspondingly, nuclear architecture senses and responds to environmental conditions, through structural rearrangements. Defining and understanding these effects offers a diverse range of tractable targets for therapeutic intervention in human disease. supplemented with 2mM glutamine (Gibco), 0.1mM norepinephrine (Sigma-Aldrich), 10% FBS (Sigma-Aldrich) in 5% CO 2 , 37°C and 95% humidity. Cells were passaged every 3 days as described [72] . For microscopic analysis, HL-1 cells were grown on coated glass cover slips (Assistant, 20x20 mm) in 6-well plates to a density of 50%. All other experiments were performed on confluent cells.
Conclusions

Oxygen Nutrient Deprivation (OND)
HL-1 cells were washed twice with PBS (Gibco) and placed in a hypoxia chamber (Whitley Hypoxystation H35) with 1% O 2 , 5% CO 2 , 94% N 2 at 37°C and 70-85% humidity. An ischemic environment was simulated by incubating cells in 115mM NaCl, 12mM KCl, 1.2 mM MgCl 2 , 2mM CaCl 2 , 25mM HEPES and 5mM deoxyglucose; this solution was pre-equilibrated to 1% O 2 prior to use. Cells were incubated for 1 hour under these conditions, after which they were washed with PBS then returned to Claycomb media under normoxic conditions. Experimental evaluation was usually performed on untreated cells, cells subject to one hour of OND and on recovering cells at 5, 15, 60 and 240 minutes following OND. Recovery was designed to mimic reperfusion after an ischemic event.
Non-recovered OND treated cells were harvested and fixed in a hypoxic atmosphere. All buffers used for the preparation of such samples were equilibrated to 1% O 2 in advance. Untreated cells were kept under normal culture conditions until fixation.
Schematic representation of the time-course employed to evaluate the effect of OND, and subsequent recovery, on HL-1 cells.
Immunofluorescence analysis of histones, Lamin B1 and DNA by confocal microscopy
Cells grown on coated cover slips in 6-well plates were treated with 2 ml of OND buffer or with Claycomb medium as indicated. Cells were then washed twice with PBS, fixed in 1 ml ice cold methanol for 10 min, washed with PBS and permeabilized with 1 ml PBS containing 0.3% Triton X-100 (Sigma-Aldrich) and 0.3% Tween-20 (Sigma-Aldrich) for 10 minutes at room temperature.
Blocking was performed with 1 ml blocking buffer (5% BSA and 0.1% Tween-20 in PBS) for 1 hour at room temperature. For the antibody labelling, cells were incubated with anti-H3 (Abcam, 1 µg/ml), anti-H3K14ac (Cell Signaling, 1:500), anti-Lamin B1 (Abcam, 1 µg/ml) or anti-polyamines (Abcam, 10µg/ml) overnight at 4 °C in 500 µl blocking buffer. After incubation with primary antibody, cells were washed three times with 1 ml wash buffer (PBS containing 0.1% Tween-20) and incubated with AlexaFluor 488 conjugated secondary antibody (Invitrogen, 2 µg/ml)) for 1 hour in 1 ml wash buffer, followed by three washes with wash buffer. DNA was stained with Hoechst 33342 (0.5 µg/ml) for 20 minutes at room temperature and washed three times with 1 ml PBS. Cells were then embedded in 10 µl of glycerol. For analysis, a Leica SP5 II confocal system (Leica Microsystems GmbH) with a 63x oil immersion NA1.4 objective lens was used, and 1024x1024 images were acquired using a pinhole size of 1.0 Airy units, 60-100 nm pixel pitch. [74] . Fluorescence recovery after photobleaching was then analysed within a respective region of interest using ImageJ and corrected on bleaching throughout the experiment by acquisition of bleaching curves for either H1.1-GFP or H2B-mCherry in independent measurements in both buffers, to accomodate possible differences in bleaching rates.
Flow cytometry analysis of histone marks
Cells were grown to confluency in 10 cm diameter culture dishes, then were subject to ischemia/reperfusion protocol as previously indicated, using 10 ml of OND solution or Claycomb medium. Cells were then washed twice with 10 ml PBS, trypsinized with 1 ml 0.25% Trypsin (Gibco) and vigorously resuspended in 5 ml of PBS containing soybean trypsin inhibitor. The cells were centrifuged at 250 xg for 5 minutes, washed once in 10 ml PBS and the cell pellet was resuspended in 1 ml ice cold methanol for 10 minutes to fix the cells. Cells were again centrifuged, and then permeabilized for 10 minutes in PBS containing 0.3% Triton X-100 and 0.3% Tween-20. After a further centrifugation, the cell pellet was resuspended in 500 µl PBS and the cell density was estimated using an automated cell counter (BioRad). One million cells were resuspended in 300 µl FACS buffer (PBS with 0.1% Tween-20, 1% BSA) containing anti-H3 (Abcam, 3 µg/ml), anti-H3K14ac (Cell Signaling 1:300), anti H3K9ac (Cell Signaling, 1:300), anti-H3K27ac (Abcam, 3 µg/ml ), anti-pan-acetylated H3 (Merck Millipore, 3 µg/ml), anti-H3K4me3 (Merck Millipore, 3 µg/ml) and anti-H3K27me3 (Active Motif, 3 µg/ml) and incubated for 1 hour. Cells were washed three times with 1 ml FACS buffer and incubated with 1 µg/ml AlexaFluor 488 conjugated secondary antibody (Invitrogen) for 45 minutes. After a further three washes with FACS buffer, cells were resuspended in 300 µl PBS and the fluorescent intensity of the cell population was analysed using a BD LSRFortessa cytometer (BD Biosciences). Cells were gated so that only events from discrete single cells were counted, with 10 4 events recorded per experimental condition.
ATP determination
Cells were grown to confluency in 3.5 cm diameter culture dishes and oxygen and nutrition deprivation (OND) applied to selected samples as described previously, using 2 ml of ischemic salt solution as required. After OND, cells were washed twice with PBS, and ATP extracted with boiling water as described by Yang et al. [75] . ATP was determined using a bioluminescence assay utilizing 
SMLM measurements:
The SMLM configuration has been described previously [36] . as follows: Only signals with a peak intensity I0 higher or equal to (TF-1)*STD were considered.
Subpixel accuracy positions were extracted from a 7x7 ROI around the initial estimation of each signal by calculating the center of intensity. Overlapping signals detected as radially increasing intensity as we move away from the center pixel of the ROI were clipped, yielding a refinement of the positions. If clipping results in > 30% loss of accumulated signal within the ROI, then the signal is discarded. From the remaining signals, a list of localizations was generated containing information on
x,y-position, photon count, and localization precision σ loc [77] for each signal, where localization precision of a point emitter is defined as follows: All reconstructed images were generated with a pixel size corresponding to 5 nm.
The single molecule photon count of DNA dyes has an average of about 1500 photons, i.e. much less than the brightest dSTORM/SMLM fluorophores. The resolution σ in the DNA SMLM data was estimated from the photon count dependent localization precision using the formula
Where σ is the average localization precision [77] , σ = 2 √ ⁄ where a is the average density of localized single molecules of fluorophores (typically between 4,000 -6,000 molecules / µm 2 ). Our data generated a theoretical value of average 2D resolution, σ total , of 39 nm, resulting in an effective structural resolution of about 90 nm, assuming a normal distribution of the measurement error. In addition, by means of Fourier Ring Correlation [78] , we calculated the lateral resolution in our studies to be approximately 100 nm. The single molecule photon count of DNA dyes has an average of about 1500 photons, i.e. much less than the brightest dSTORM/SMLM fluorophores.
Single molecule signals of the DNA dyes, as observed in an optical section through a cell nucleus are detected on top of a relatively high background. In such a case, the SMLM lateral resolution will be determined mostly by the noise in the background, and not reach as good values as reported manifold for SMLM [36] . We used 488 nm excitation and camera integration times between 200 -300 ms. A sinusoidal illumination pattern was generated in the focal plane by interference of laser light, resulting in a grid pattern of 280 nm spacing. Three different orientations of the grid with three different phases for each orientation were used, resulting in 9 acquired images per 2D slice. The microscope setup and reconstruction software has been described [79, 80] . after photobleaching was extremely slow for both conditions, indicating that OND does not induce displacement of H2B from chromatin. We then evaluated the mobility of the linker histone H1 in untreated and in OND treated HeLa cells. As previously reported [47, 48] , histone H1 is mobile, and is somewhat less mobile in heterochromatin than in euchromatin (figure 7c). As shown in figure 7d, OND induced chromatin compaction dramatically reduces the mobility of histone H1, indicating that the extent of chromatin compaction in OND is considerably higher than that between euchromatin and heterochromatin. measurements, which are proportional to internal cellular granularity, is presented for 10 4 cells as boxplots showing the median, 25% and75% intervals as boxes and the 5% and 95% intervals as whiskers.
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Figure legends
The median value for untreated cells is shown as a horizontal line through all box-plots. The z-score between the untreated cell population and each other experimental condition, determined by the Mann-Whitney ranked sum test, is indicated by the colour of the box.
Additional material
We have prepared a separate supplemental file containing a supplementary results section, reporting in detail experimental results briefly referred to in the main manuscript, a supplementary note describing artefacts in localization microscopy of chromatin, a supplementary movie illustrating how our SMLM was performed and given the interdisciplinary nature of our work, a glossary. 
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